Article focus {#section5-2046-3758.95.BJR-2019-0326.R1}
=============

-   We aimed to investigate the effects of silver-containing hydroxyapatite (Ag-HA) coating and vancomycin (VCM) on methicillin-resistant *Staphylococcus aureus* (MRSA) biofilm formation.

-   The findings of biofilm analysis were verified using 3D confocal laser scanning microscopy (3D CLSM) with Airyscan and scanning electron microscopy (SEM).

Key messages {#section6-2046-3758.95.BJR-2019-0326.R1}
============

-   Ag-HA delayed the growth cycle of biofilms and changed their structure.

-   Ag-HA and VCM synergistically reduced MRSA biofilm formation.

-   3D CLSM equipped with Airyscan was a useful method for biofilm observation.

Strengths and limitations {#section7-2046-3758.95.BJR-2019-0326.R1}
=========================

-   This is the first study to report on qualitative biofilm analyses of Ag-HA materials, as well as the effects of Ag-HA coating and VCM on MRSA biofilm formation; these findings were verified using SEM and Airyscan-equipped 3D CLSM.

-   Non-coated titanium (Ti) implants were not used as controls in vivo because these implants showed inferior osteoconductivity in a previous study, an important feature for successful cementless total hip arthroplasty. Instead, we used HA-coated Ti implants because HA coating induces early bone ingrowth and displays good osteoconductivity.

Introduction {#section8-2046-3758.95.BJR-2019-0326.R1}
============

Total hip arthroplasty (THA) is one of the most successful orthopaedic procedures improving the quality of life, affording functional gain, promoting pain relief, and enabling motion range in patients with hip osteoarthritis. As the population ages, the number of THA cases is expected to rise with an estimated 572,000 procedures to be performed annually by 2030 in the USA.^[@bibr1-2046-3758.95.BJR-2019-0326.R1]^ Prosthetic joint infection (PJI), a complication of THA, is a burden for patients and is one of the most challenging complications for surgeons. It requires surgical resection and revision arthroplasty in severe cases, prolonging hospitalization and increasing treatment costs.^[@bibr2-2046-3758.95.BJR-2019-0326.R1]^ PJI reportedly occurs in 0.2% to 1.1% of primary THAs,^[@bibr3-2046-3758.95.BJR-2019-0326.R1]^ prolonging the hospitalization time by up to 176% and increasing treatment costs by up to 134%.^[@bibr2-2046-3758.95.BJR-2019-0326.R1]^ More than 60% of PJI cases after arthroplasty are caused by either methicillin-susceptible *Staphylococcus aureus* (MSSA) or methicillin-resistant *S. aureus* (MRSA).^[@bibr4-2046-3758.95.BJR-2019-0326.R1]^ Surgical wound infections caused by MRSA require longer hospitalization and entail higher costs than those caused by other microorganisms.^[@bibr2-2046-3758.95.BJR-2019-0326.R1]^

Titanium (Ti), stainless steel, and cobalt-chrome are commonly used orthopaedic implant materials. Many orthopaedic implants are coated with hydroxyapatite (HA) to accelerate early bone ingrowth and improve osteoconductivity.^[@bibr5-2046-3758.95.BJR-2019-0326.R1]^ However, such metal and HA surfaces are susceptible to adhesion and colonization by biofilm-forming bacteria.^[@bibr6-2046-3758.95.BJR-2019-0326.R1]^ To kill bacteria with biofilms, antibiotic concentrations 1,000 times higher than those used for planktonic cells are required.^[@bibr7-2046-3758.95.BJR-2019-0326.R1]^

Biofilm formation is intrinsic to PJI, but PJI is highly resistant to antibiotics. Therefore, an important anti-PJI strategy involves preventing initial bacterial adhesion to the implant surface. Consequently, various antibacterial coatings have been developed, including those incorporating vancomycin (VCM), gentamicin, chlorhexidine HA, silver (Ag), and chitosan.^[@bibr8-2046-3758.95.BJR-2019-0326.R1]^ Ag, a well-known antibacterial coating, exhibits a broad-spectrum activity against both gram-positive and gram-negative bacteria, fungi, protozoans, and viruses.^[@bibr9-2046-3758.95.BJR-2019-0326.R1],[@bibr10-2046-3758.95.BJR-2019-0326.R1]^ Further, Ag is far less likely to elicit bacterial resistance than antibiotics and shows relatively low toxicity toward humans.^[@bibr9-2046-3758.95.BJR-2019-0326.R1],[@bibr10-2046-3758.95.BJR-2019-0326.R1]^ An Ag-coated megaprosthesis has been applied in the field of orthopaedic surgery.^[@bibr11-2046-3758.95.BJR-2019-0326.R1]^ However, Ag in high concentrations is toxic to osteoblasts, suppresses ossification, and is involved in osteolysis and postoperative prosthesis loosening.^[@bibr11-2046-3758.95.BJR-2019-0326.R1]--[@bibr14-2046-3758.95.BJR-2019-0326.R1]^ Therefore, insertion of the prosthesis coated with Ag using conventional techniques into the bone marrow is rather difficult. Moreover, various Ag side effects, including argyria, kidney and liver damage, leukopenia, and neurotoxicity have been reported.^[@bibr15-2046-3758.95.BJR-2019-0326.R1]--[@bibr17-2046-3758.95.BJR-2019-0326.R1]^ Recently, an Ag-containing HA (Ag-HA) coating was developed using a thermal spray technique.^[@bibr18-2046-3758.95.BJR-2019-0326.R1]^ Other studies demonstrated inhibition of bacterial adhesion and growth on the surface of 3% Ag-HA materials,^[@bibr19-2046-3758.95.BJR-2019-0326.R1]^ and the enhancement of osteoconductivity in the rat tibia using 3% Ag-HA coatings.^[@bibr20-2046-3758.95.BJR-2019-0326.R1]^ The biological safety of Ag-HA coatings has also been shown in previous studies.^[@bibr21-2046-3758.95.BJR-2019-0326.R1],[@bibr22-2046-3758.95.BJR-2019-0326.R1]^

However, detailed qualitative and quantitative biofilm analyses on HA and Ag-HA materials are lacking. Therefore, we proposed the development of an anti-PJI strategy as an alternative to conventional therapy using antibacterial coatings or antibiotics only. We hypothesized that the combination of antibiotics and Ag-HA would reduce bacterial biofilm formation because the characteristics of the MRSA biofilm on HA and Ag-HA may differ. Here, we evaluated the effect of Ag-HA coating and VCM on MRSA biofilm formation using viable cell counts, 3D confocal laser scanning microscopy (3D CLSM) with Airyscan, and scanning electron microscopy (SEM).

Methods {#section9-2046-3758.95.BJR-2019-0326.R1}
=======

Ag-HA coating - in vitro experiments {#section10-2046-3758.95.BJR-2019-0326.R1}
------------------------------------

One side of the pure Ti discs (14 mm wide, 1 mm thick; Kobe Steel, Kobe, Japan) was coated with Ag-HA, and the Ag-HA coating technique is detailed in the Supplementary Material.

Bacteria and culture conditions - in vitro experiments {#section11-2046-3758.95.BJR-2019-0326.R1}
------------------------------------------------------

We used UOEH6 (University of Occupational and Environmental Health Hospital, Fukuoka, Japan), a biofilm-producing MRSA strain was isolated from a blood sample of a septic patient at a hospital. The MRSA culture conditions are detailed in the Supplementary Material.

Microbiological evaluation by bacterial count determination - in vitro experiments {#section12-2046-3758.95.BJR-2019-0326.R1}
----------------------------------------------------------------------------------

Three types of discs were prepared: Ti, Ti with HA coating (HA), and Ti with 3.0% Ag-HA coating (Ag-HA). The inverted lid of a 60 mm dish was placed in the centre of a 90 mm dish ([Figure 1](#fig1-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). Four discs of the same type were aseptically placed on the inverted lid of the 60 mm dish, and 10 µl of the MRSA suspension was inoculated onto each disc. Then, 10 µl of sterile phosphate-buffered saline (PBS) or 10 µl of 20 µg/ml VCM (Kobayashi Kakou Corp., Fukui, Japan) was immediately added to each disc. To prevent disc drying, sterile PBS was poured between the 90 mm and 60 mm dishes, and the 90 mm dish was covered with parafilm ([Figure 1](#fig1-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). The discs were incubated for 24 hours at 37°C, agitated with a vortex mixer in 10 ml of sterile PBS, and then ultrasonically irrigated for five minutes, after which they were agitated with the vortex mixer again. Serial dilutions (ten-fold series) of the irrigated PBS solutions were plated on the agar plates and incubated for 48 hours at 37°C. The colonies were counted, and the amounts of CFUs per disc were determined. A total of 12 discs were used in each treatment group, namely Ti PBS, Ti VCM, HA PBS, HA VCM, Ag-HA PBS, and Ag-HA VCM.

![Setup of the methicillin-resistant *Staphylococcus aureus* (MRSA) incubation. MRSA was incubated on the disc, ensuring that it did not dry and the discs did not contact each other. PBS, phosphate-buffered saline.](bonejointres-09-211-g001){#fig1-2046-3758.95.BJR-2019-0326.R1}

3D CLSM protocol - in vitro experiments {#section13-2046-3758.95.BJR-2019-0326.R1}
---------------------------------------

Four discs were used in each treatment group (Ti PBS, Ti VCM, HA PBS, HA VCM, Ag-HA PBS, and Ag-HA VCM). Because biofilm dimensions varied, three sections of each disc were randomly recorded for quantitative analysis according to the method described in previous literature.^[@bibr23-2046-3758.95.BJR-2019-0326.R1],[@bibr24-2046-3758.95.BJR-2019-0326.R1]^ The 3D CLSM protocol and feature of Airyscan are provided in the Supplementary Material.

SEM protocol - in vitro experiments {#section14-2046-3758.95.BJR-2019-0326.R1}
-----------------------------------

The SEM protocol is detailed in the Supplementary Material.

Ag-HA coating - in vivo experiments {#section15-2046-3758.95.BJR-2019-0326.R1}
-----------------------------------

Both sides of Ti discs (14 mm wide, 1 mm thick; Kobe Steel) were coated with Ag-HA according to the protocol used for the in vitro analysis.

Bacteria and culture conditions - in vivo experiments {#section16-2046-3758.95.BJR-2019-0326.R1}
-----------------------------------------------------

The MRSA strain used was UOEH6 (University of Occupational and Environmental Health Hospital). The bacterial strain and culture conditions were the same as those used in the in vitro analysis, except that cells were resuspended in sterile PBS for in vivo experiments.

Animals {#section17-2046-3758.95.BJR-2019-0326.R1}
-------

We used 12 ten-week-old male Sprague-Dawley rats from Kyudo (Kumamoto, Japan), weighing a mean 373.3 g (SD 19.9; 354 to 389). The rats were housed individually in standard cages in a temperature-controlled room (20°C to 25°C) with 12-hour light-dark cycles and acclimated for seven days before the experiments in a room in which a suitable environment was maintained. Standard rodent chow and water were provided ad libitum. Three rats were randomly assigned to each group: HA, HA VCM, Ag-HA, and Ag-HA VCM. All animal procedures were approved by the Animal Research Ethics Committee of our institution (approval number 29-044-0).

Surgical technique - in vivo experiments {#section18-2046-3758.95.BJR-2019-0326.R1}
----------------------------------------

The rats were anaesthetized intraperitoneally using a mixture of anaesthetic agents (0.375 mg/kg medetomidine, 2 mg/kg midazolam, and 2.5 mg/kg butorphanol).^[@bibr25-2046-3758.95.BJR-2019-0326.R1]^ The infection model using the dorsum of the rat was performed as previously reported.^[@bibr19-2046-3758.95.BJR-2019-0326.R1]^

The back of the rat was shaved, cleaned with povidone-iodine, and dried. Four sagittal 1.5 cm incisions were made on the dorsum: two at the level of the scapula and another two at the level of the lower rib cage. Each incision was 2 cm lateral to the midline, and the pockets made were not connected to each other.

HA and Ag-HA discs were prepared. A total of four discs of the same type were aseptically implanted one by one into the subcutaneous pocket of each rat; 20 µl of MRSA suspension was inoculated onto the discs in these pockets. The incisions were closed using interrupted 3-0 nylon suture. The rats were divided into VCM (Kobayashi Kakou Corp.) injected and VCM noninjected groups. In the VCM injected group, VCM was injected subcutaneously at a concentration of 110 mg/kg into the tail of the rats using a 23-gauge needle immediately after skin suture, ensuring that the injected drug did not flow into the implanted pocket.^[@bibr26-2046-3758.95.BJR-2019-0326.R1]^ After the surgery, atipamezole (0.75 mg/kg) was used to induce the recovery of animals from anaesthesia. No analgesia was used after the surgery. Next, 12 hours after the previous subcutaneous injection of VCM the second subcutaneous injection of 110 mg/kg of VCM was performed into the tail of the rat. Then, 12 hours after the second subcutaneous injection of VCM the rat was euthanized, and the dorsum of the rat was cleaned with povidone-iodine and dried. After this, the discs were aseptically removed and placed in 10 ml of sterile PBS.

Microbiological evaluation by bacterial count determination - in vivo experiments {#section19-2046-3758.95.BJR-2019-0326.R1}
---------------------------------------------------------------------------------

The methods of bacterial count determination were the same as those used in the in vitro analysis and are detailed in the Supplementary Material. A total of 12 discs were used for each treatment group (HA, HA VCM, Ag-HA, and Ag-HA VCM).

Statistical analysis {#section20-2046-3758.95.BJR-2019-0326.R1}
--------------------

All numerical data are expressed as the mean (SD). Live cell counts in vitro were analyzed with Steel's multiple comparisons test to compare the Ti PBS group with the other five groups. Those in vivo were analyzed with the same test to compare the HA PBS group with the other three groups. The total biofilm volume per area was analyzed with Dunnett's multiple comparisons test to compare the Ti PBS group with the other five groups. All analyses were performed using JMP Pro software (version 13.2.1; SAS Institute, Cary, North Carolina, USA). Statistical significance was indicated by p \< 0.05. The sample size was determined with a priori power analysis (power = 0.80, α = 0.05, and effect side = 0.5), showing that 48 samples were required. In the microbiological evaluation in vivo, 12 discs from three rats were used in each treatment group; the total number of discs used in the four groups was 48.

Results {#section21-2046-3758.95.BJR-2019-0326.R1}
=======

Biofilm analysis using CLSM with Airyscan - in vitro experiments {#section22-2046-3758.95.BJR-2019-0326.R1}
----------------------------------------------------------------

As observed under CLSM with Airyscan, the biofilms of the HA PBS group were composed of clumped bacterial cells with stained cell surfaces ([Figure 2](#fig2-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). Conversely, those in the Ag-HA PBS group appeared to contain scattered bacterial cells whose surface appeared to be unfocused after staining ([Figure 2](#fig2-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). Meanwhile, those of the Ti PBS group were also composed of clumped bacterial cells with unfocused stained cell surface ([Figure 2](#fig2-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}).

![Confocal laser scanning microscopy (CLSM) Airyscan images of calcein red-orange--stained methicillin-resistant *Staphylococcus aureus* (MRSA) on discs of the titanium phosphate-buffered saline (Ti PBS), hydroxyapatite PBS (HA PBS), and silver-containing HA PBS (Ag-HA PBS) groups. The biofilms in the Ti PBS group were clumped and unfocused, whereas those in the HA PBS group were clumped and clear. In the Ag-HA PBS group, the biofilms were scattered and unfocused. The morphological features of the biofilms were observed with a 63× oil objective lens and a zoom factor of 5.0. Scale bar = 2 µm.](bonejointres-09-211-g002){#fig2-2046-3758.95.BJR-2019-0326.R1}

Biofilm analysis using SEM - in vitro experiments {#section23-2046-3758.95.BJR-2019-0326.R1}
-------------------------------------------------

In sharp contrast to the HA PBS group biofilms, those of the Ag-HA PBS group were embedded in less extracellular polymeric substance (EPS), smaller, and appeared to contain scattered bacterial cells ([Figure 3](#fig3-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). Those of the Ti PBS group were composed of clumped bacterial cells with less EPS ([Figure 3](#fig3-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). The surface of the Ti disc was flat and smooth. In contrast, those of the HA disc and the Ag-HA disc were uneven and rough ([Figure 3](#fig3-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}).

![Scanning electron microscopy (SEM) images of the methicillin-resistant *Staphylococcus aureus* (MRSA) biofilms in the titanium phosphate-buffered saline (Ti PBS), hydroxyapatite PBS (HA PBS), and silver-containing HA PBS (Ag-HA PBS) groups. The magnifications and corresponding scale bars were 2500× and 10 µm, 6000× and 2 µm, and 15000× and 1 µm, respectively. The biofilms in the Ti PBS group were embedded in less extracellular polymeric substance (EPS) and were large, whereas those in the HA PBS group were embedded in large quantities of EPS and were large. In the Ag-HA PBS group, the biofilms were embedded in less EPS and were small and scattered.](bonejointres-09-211-g003){#fig3-2046-3758.95.BJR-2019-0326.R1}

Effect of treatments on bacterial survival - in vitro experiments {#section24-2046-3758.95.BJR-2019-0326.R1}
-----------------------------------------------------------------

As confirmed by plating, the discs were inoculated with a mean 43.0 (SD 8.4) × 10^7^ CFUs/ml bacterial cells. Mean bacterial counts in the Ti PBS, Ti VCM, HA PBS, HA VCM, Ag-HA PBS, and Ag-HA VCM groups were 2.5 (SD 1.7) × 10^7^ CFUs/ml, 27.6 (SD 9.2) × 10^6^ CFUs/ml, 42.8 (SD 8.4) × 10^6^ CFUs/ml, 3.5 (SD 3.0) × 10^7^ CFUs/ml, 3.4 (SD 6.9) × 10^4^ CFUs/ml, and 9.5 (SD 8.8) × 10^3^ CFUs/ml,respectively ([Figure 4a](#fig4-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}).

![The effect of treatments on: a) bacterial survival in vitro; b) biofilm formation; and c) bacterial survival in vivo (total of 12 discs). a) The combination of vancomycin (VCM) and silver (Ag) significantly reduced bacterial cell counts compared to the titanium phosphate-buffered saline (Ti PBS) group (p \< 0.001, Steel's multiple comparisons test). b) The total biofilm volume in the analyzed area in the Ag-hydroxyapatite PBS (Ag-HA PBS) and Ag-HA VCM groups was significantly smaller than that in the Ti PBS group (12 sections from four discs) (p \< 0.001, Dunnett's multiple comparison test). c) The effect of VCM with Ag was significantly more reliable than that of either treatment alone (12 discs from three rats) (p \< 0.001, Steel's multiple comparison test). In all graphs, data are presented as the mean (SD). \*p \< 0.05; ‡ p \< 0.001.](bonejointres-09-211-g004){#fig4-2046-3758.95.BJR-2019-0326.R1}

The bacterial counts of the HA PBS groups were significantly greater than those of the Ti PBS groups (p = 0.019, Steel's multiple comparisons test). VCM and Ag have significantly reduced the bacterial cell counts (p \< 0.001, Steel's multiple comparisons test). There was no significant difference between the bacterial cell counts in the Ti PBS and Ti VCM groups (p = 0.999, Steel's multiple comparisons test).

Total biofilm volume using CLSM - in vitro experiments {#section25-2046-3758.95.BJR-2019-0326.R1}
------------------------------------------------------

The total biofilm volume per area ([Figure 4b](#fig4-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}) was determined based on the analysis of the CLSM images ([Figure 5](#fig5-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}).The mean total biofilm volume per area in the Ti PBS, Ti VCM, HA PBS, HA VCM, Ag-HA PBS, and Ag-HA VCM groups was 12.1 (SD 4.1) × 10^3^ µm^3^, 12.0 (SD 4.7) × 10^3^ µm^3^, 20.9 (SD 3.0) × 10^3^ µm^3^, 20.2 (SD 5.2) × 10^3^ µm^3^, 4.9 (SD 1.1) × 10^3^ µm^3^, and 26.2 (SD 7.6) × 10^2^ µm^3^, respectively ([Figure 4b](#fig4-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). The total biofilm volume per area in the Ag-HA PBS and Ag-HA VCM groups was significantly smaller than that in the Ti PBS group (p \< 0.001, Dunnett's multiple comparisons test). In contrast, those in the HA PBS and HA VCM groups were significantly larger than those in the Ti PBS group (p \< 0.001 and p \< 0.001, respectively, Dunnett's multiple comparisons test). There was no significant difference between those in the Ti PBS and Ti VCM groups (p = 1.000, Dunnett's multiple comparisons test).

![Confocal laser scanning microscopy (CLSM) images of calcein red-orange--stained methicillin-resistant *Staphylococcus aureus* (MRSA) on discs. The bacteria growth from the following groups are shown: negative control of titanium (Ti), hydroxyapatite (HA) and silver-HA (Ag-HA), Ti phosphate-buffered saline (Ti PBS), Ti vancomycin (Ti VCM), HA PBS, HA VCM, Ag-HA PBS, and Ag-HA VCM. The biofilms were observed with a 20× air objective lens and a zoom factor of 2.0. The scale bars on the x and y axes are 10 µm, whereas that on the z-axis is 5 µm. The staining intensities of the biofilms are in this order: Ag-HA VCM \< Ag-HA PBS \< Ti VCM \< Ti PBS \< HA VCM \< HA PBS.](bonejointres-09-211-g005){#fig5-2046-3758.95.BJR-2019-0326.R1}

Effect of treatments on bacterial survival - in vivo experiments {#section26-2046-3758.95.BJR-2019-0326.R1}
----------------------------------------------------------------

The discs were inoculated with a mean 36.0 (SD 2.1) × 10^7^ CFUs/ml of bacterial cells. The mean bacterial counts in the HA, HA VCM, Ag-HA, and Ag-HA VCM groups were 4.3 (SD 3.4) × 10^6^ CFUs/ml, 1.2 (SD 1.3) × 10^6^ CFUs/ml, 1.9 (SD 2.0) × 10^6^ CFUs/ml, and 1.2 (SD 3.4) × 10^5^ CFUs/ml, respectively ([Figure 4c](#fig4-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}). VCM and Ag significantly reduced bacterial cell counts (VCM: p = 0.014; Ag: p = 0.030, Steel's multiple comparisons test), and VCM with Ag was more reliable than either of the treatments alone (p \< 0.001, Steel's multiple comparisons test).

Discussion {#section27-2046-3758.95.BJR-2019-0326.R1}
==========

In this study, we used 3D CLSM (with and without Airyscan), SEM, and viable cell count analysis to determine the effect of Ag and VCM on MRSA biofilms formed on pure Ti- and HA-coated discs. HA coating for cementless THA has been studied because HA coating induces early bone ingrowth and has good osteoconductivity,^[@bibr5-2046-3758.95.BJR-2019-0326.R1]^ in contrast to Ti implants which showed inferior osteoconductivity.^[@bibr20-2046-3758.95.BJR-2019-0326.R1]^ Therefore, we used HA-coated discs instead of pure Ti discs as controls in vivo.

Methods for qualitative and quantitative biofilm analyses include crystal violet staining, determination of biofilm coverage rates by fluorescence microscopy, and viable cell counting by serial dilution and plating. Each method has its specific strengths and weaknesses.^[@bibr27-2046-3758.95.BJR-2019-0326.R1]^ CLSM combined with fluorescent staining has recently become a popular method in biofilm studies, and a small number of reports on the determination of biofilm volume have used 3D CLSM assays.^[@bibr28-2046-3758.95.BJR-2019-0326.R1],[@bibr29-2046-3758.95.BJR-2019-0326.R1]^ To date, only one report on bacterial biofilm analysis by 3D CLSM with Airyscan has been published.^[@bibr30-2046-3758.95.BJR-2019-0326.R1]^ However, the use of 3D CLSM with Airyscan and SEM to verify the biofilm analysis findings has not yet been reported.

Biofilm formation can be described as a three-stage process: bacterial adhesion; bacterial aggregation; and biofilm maturation.^[@bibr31-2046-3758.95.BJR-2019-0326.R1]^ Individual, planktonic bacteria start producing EPS after adhesion, which results in bacterium-to-bacterium adhesion. Biofilm thickness is directly proportional to EPS production, and EPS creates a diffusion barrier that prevents the uptake of antibiotics.^[@bibr32-2046-3758.95.BJR-2019-0326.R1]^ After maturation, the biofilm becomes more resistant to antibiotics.^[@bibr31-2046-3758.95.BJR-2019-0326.R1]^ Conversely, early-stage biofilm is relatively unstable and less resistant to antibiotics than mature biofilm.^[@bibr31-2046-3758.95.BJR-2019-0326.R1]^ As shown in [Figure 2](#fig2-2046-3758.95.BJR-2019-0326.R1){ref-type="fig"}, calcein red-orange stained the polysaccharide component of biofilms, i.e. bacteria and EPS. Imaging using 3D CLSM with Airyscan revealed relatively mature biofilms in the Ti PBS group, mature biofilms in the HA PBS group, and early-stage biofilms in the Ag-HA PBS group. SEM observations confirmed that the biofilms formed in the Ag-HA PBS group were thinner and smaller than those formed in the Ti PBS and HA PBS groups. Recently, the antibacterial and antibiofilm activities of Ag were elucidated. Briefly, Ag ions bind to several bacterial cell structures, including peptidoglycans, cell and plasma membranes, DNA, and proteins.^[@bibr9-2046-3758.95.BJR-2019-0326.R1],[@bibr10-2046-3758.95.BJR-2019-0326.R1]^ Ag delays the growth cycle of biofilms and changes the biofilm structure^[@bibr33-2046-3758.95.BJR-2019-0326.R1]^ by facilitating the breakdown of EPS, thereby destabilizing and weakening the biofilm matrix.^[@bibr34-2046-3758.95.BJR-2019-0326.R1]^ Our findings support the aforementioned Ag antibacterial and antibiofilm activities. Since only one report on bacterial biofilm analysis by 3D CLSM with Airyscan has been published to date,^[@bibr23-2046-3758.95.BJR-2019-0326.R1]^ we therefore performed SEM to verify the findings obtained with the 3D CLSM equipped with Airyscan. We obtained similar results with SEM and Airyscan-equipped 3D CLSM; thus, 3D CLSM equipped with Airyscan was a useful method for biofilm observation.

In vitro, VCM has no effect on the viable bacterial counts in the Ti VCM and HA VCM groups compared to those of the Ti PBS group. The viable bacterial counts of the HA PBS group were higher than those of the Ti PBS group. The biofilm formation of the Ti PBS group was smaller than those of the HA PBS and HA VCM groups; nevertheless, VCM had no effect on that of the Ti VCM group. These indicated that biofilms formed on the Ti disc were mature enough to resist VCM, and HA surfaces were more susceptible to bacterial adhesion and biofilm maturation than Ti surfaces. Previous studies have reported biofilm formation on different materials; materials with rough surfaces have greater influence on bacterial adhesion and biofilm maturation than those with smooth surfaces.^[@bibr35-2046-3758.95.BJR-2019-0326.R1],[@bibr36-2046-3758.95.BJR-2019-0326.R1]^ In the present study, the surfaces of HA and Ag-HA discs were rough whereas those of Ti discs were smooth. Conversely, biofilms formed on Ag-HA discs were immature, and hence both bacterial counts and biofilm formation on Ag-HA discs were significantly suppressed in the presence of VCM compared to those of the Ti PBS group.

In vivo, the viable bacterial counts in the Ag-HA VCM groups were more pronounced than those in the other treatment groups. This indicated that the biofilms on the Ag-HA disc were early stage. The immune defences in vivo combined with antibiotics can contribute to the clearance of bacterial infections.^[@bibr37-2046-3758.95.BJR-2019-0326.R1]^ Therefore, antibacterial and antibiofilm activities of VCM on HA discs were observed in vivo but not in vitro.

There were several limitations in our study, and additional research will be needed in future to verify our results. First, the combined effect of Ag-HA coating and VCM in the intramedullary implantation model in vivo should be further investigated because of the research of PJI and the difference in VCM distribution between the subcutaneous tissue and bone.^[@bibr38-2046-3758.95.BJR-2019-0326.R1]--[@bibr40-2046-3758.95.BJR-2019-0326.R1]^ Second, the combined effect of Ag-HA coating and VCM should be observed at several periods.^[@bibr38-2046-3758.95.BJR-2019-0326.R1]^ Third, the other bacterial strains that cause PJI, such as *Staphylococcus epidermidis, S. aureus, Escherichia coli, Enterobacter cloacae*, and *Pseudomonas aeruginosa*, should be tested.^[@bibr2-2046-3758.95.BJR-2019-0326.R1],[@bibr38-2046-3758.95.BJR-2019-0326.R1]^

In conclusion, our findings demonstrated the potential synergistic effect between Ag-HA coating and VCM on the reduction of MRSA biofilm formation, which can prove useful for preventing and treating PJI.
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